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SUMMARY

The task objective of this program was to show the feasibility
of using the Field Emitter Array (FEA) cathode as a way for
improved microwave tube operation. The key technical problem was
to show high frequency performance from FEA cathodes. A measure of
high frequency operation is the parameter F. which is the ratio of
9 (transconductance) to Cg (input or gate c-pacitance) in a
triode. The program goal was 1 GHz. To Lr® to attain this goal, a
variety of cathodes were fabricated and tested in a demountable
high frequency test stand. The FEA cathodc that gave the best
results were micron sized moly tips that were fabricated in a
manner simllar to the standard SRI approach. The best result
obtained was a value for F, of 200 MHz. This was a measured value
(not calculated for dc results) at microwave frequencies. The
important technical conclusion is that I scales with current and
there is a maximum current per tip that the FEA cathodes can
operate at before self-destruction. This limits the attainable F,
to the UHF frequency regime. The significant hardware developments
were two-fold; first, the design and fabrication of the FEA
cathodes that operated as high as 7 microamps per tip and second
the fabrication of a demountable FEA triode test stand that could
operate up to 5 GHz in frequency, attain UHV vacuum operation, and
could be heated to 450 degreea for device bakeout. Our conclusion
from this effort is that the FEA cathode approach that was
developed at Raytheon is not applicable to microwave tubes. Also,
it is not clear that any of the alternative FEA cathodes that are
being developed at other laboratories will work in the microwave
regime.

vi
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1.0 INTRUDUCTION

Vacuum Microelectronics technology ie an attempt to combine
the best features of low cost solid state fabrication techniques
and vacuum tube electronics. One goal is the development of
cathodes that can be modulated at the carrier (not a modulation)
frequency. This concept has worked well at UHF frequencies with
gridded cathodes to reduce tube size and increase efficiency. To
push this concept up into the microwave frequencies requires a new
technology. This is because the small grid spacings required
cannot be manufactured with conventional tube technology. The new
technology is micron-sized gated field emission cathode arrays.
The program goals were to fabricate triode structures that met the
following criteria:

1. F, = gm/Zan > 1 GHz
2. V_ < 250 volis

3. J > 5 A/cm?

4. I > 5 ma

The nomenclature for the triode’s ports is a mixture of solid
state FET and tube terms. The electrons start from the field
emitter cathode (source) are modulated by the gate (grid) and are
collected by the anode (drain).

The first criteria (F,) is the ratio of the small signal
transconductance (gm) to the gate capacitance (Cg). This a measure
of the maximum operating frequency of the triode. The second
criteria Vg is the gate voltagec required to obtain the I in the
first term and J and I in the following terms. J is the current
density and I is the total current at the operating point. The
operating life had to be at least one hour. The anode voltage,
pulse width and duty cycle were not specified.
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The goals were not all met in this option phase of the
contract. The best results are listed below:

1. Ft = (.2 GHz
2. V¢ = 154 Volts

g 2
3. J =37 A/cm
4. 1 = 7,3 mA

Anode voltage = 500 veclts, pulse width = 1 ms, duty = 4%

The Fo goal was not met. This is because . scales with current and
there is a maximum current the cathodes will operate before
destruction.

Section 2 presents device layout and capacitance calculations
and measurements of the cathodes. Section 3 presents the triode
configuration and the test results of the best triode. Section 4
briefly covers the attempts to reduce the work function of the tip
through coatings. Section 5 concludes with suggestions for future
work.
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2.0 DEVICE DESIGN

2.1 Layout

The cathode for the triode is made using the standard
"microtip" processing. The details of the process steps were
documented in the final report of the basic part of contract

- MDA972-91-C-0032. The cathode substrates were sapphire. Two new

chip designs were made for this option phaee of the program. The
first design is shown in Figure 2-1., It has of two sets of
identical structures along each edge with test structures in the
interior. The edge structures have bonding pads to connect to the
alumina for hot test while all the devices have probe pads for RF
cold test with microwave probes. During phase one of the contract,
it was noticed that sometimes there was stray emission from the
bond wires during operation. Therefore a second chip design shown
in Figure 2-2 was made. In this layout, the cathode is moved away
from the bonding pads by extending the co-planar line into the
interior. To do this all the cold test structures were removed.
On hoth designs the outer pitch for external connections is 300
microns while the inner pitch for on-wafer probing is 100 microns.
The connections are all ground-signal-ground.

An accurate measurement of the capacitance is required for
calculating F,. The measurement should be done at the operating
frequency (1 GHz). Therefore, the calibration of the vector
network analyzer is important. On wafer RF probing techniques have
become routine in the MMIC industry in the microwave regime. As a
check on the calibration, an open and a shoxrt should be included in
the die. These are shown in Figures 2-3 and 2-4 respectively.

Two cathode configurations were used. The "dense"
configuration is shown in Figure 2-5. It consists of 400 microtips
(20 x 20) on a 3 micron pitch inside a 70 micron square gate shown
in Figqure 2-6. The "under dense" configuration consistes of @ 5 x 5
array of sub-cathodes each on a 28 micron pitch. Each sub--cathode
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Figure 2-1. Chip Design 4A - Test and Short Lead Devices.
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Figure 2-2. Chip Design 4B - Long Lead Devices.

2-3




+ ) T - . : ~ - T - -

_,...—-..—-.——o.....

Lo$mANL COmRY SIS SUDTES o EEEpe mEms ¢emat ¢t Soyy

- S v — — vooy

", o
%000 SIS S MEED ) VD HENERS HEESY sEIED S ARBD) Sume @ L6V

(900 GEEDY VENRDY SONERG ¢ OMD-4 O CHEDS Sumims SASNR. ¢ MY Sbog

s — s oo

5-5005

PBN-84-1882

’//

NN

7

-

%,
T e comme comlps eov®

1001

204 SRS ¢ QIR ¢ SEAS S REAR ) EMEDS D EEERS §EENDS 0 Wi ¢

MR S MENE S SEEESS CEEES S camS ¢ culiné Sommm s ¥

[ ] Lower Metal - (Emitter)
774 Upper Metal (Gate)
m Via

e e s o e ot

y

o
THete cummm s VS ¢ SuEEE Y summs v SeumD s stmmm e sEuks s dum 040"

Figure 2-3. RF Calibration Open.

2-4




a 3
o r —_
0 £ 2
' ul «
@ < 38
s S
m @
- = =2
3 > &
4 an o S
m — D >
a
N e 5
3 D % PR n
m NN B o
=
o wm
=
(o)
o
e
(]
1Y
0
e
—4 un
o ]
(&) o~
By
[+ 4
-
\\\. —— Pk madamiadtny o#o-.. nl—-
NN Q N\ (4]
T N :
” N .7 o
: NE NF -
” =N NN (9
'NE R ; N
//////////// // \

_

.
‘s, - { R L

s
5
o -".
0500 COMB S CEUNYS LIRS MIED ) SIS S MMMNS ¢ SIS} S 80
...A-—n SO oG s MMt o Gmm oo (E—Y SRS $i0y,
' .,
0

L¢OPE RS (s ¢ Geh Oumnt GRS § Y UL SO S50y,
». o
Tlegy remame A e s Gawia s aomtn i sl Summ w00

Sy . Ly




S-5005

PBN-04-1884

N

/
\ SRR Y (AN PEENS ¢ GHEDG ¢ SWNPS S UERSS ¢ OUNDS taeg,

N\

‘4
!
k‘"

-

NS B g

»
“S00st summss DS coRIn s (U e chnen o Sumat ¢ Summe s amm 0

s,
&
.
355

(ST | vy
| %’?’ % 704

v s

“\k

'Y,

o
0440 LamSm s SMENN 4 LANES ) G4 cmENS ) Mt Summn e peumg &40

L0 S NUIBT S E—G SO ¢ M § S SO .S )Ry u..'.
. .

| .

g i

: / i [:' Lower Metal - (Emitter)
}

e Ry p——————— 774 Upper Metal (Gate)
N, 7 .
' et Via

Figure 2-5. Dense Device Structure Layout (400 tips).

2-6

|
P
I
|
|
|
i
|
|
i \ /
L
i
1
]
|
!
[
L
i




8-5005

PBN-94-1885

160 p

N

NN
siaan

N
RSN

N
N |

.
SN

SO bmmos ) ot e S 10,

[
=,

T

3
.-
N

Y N NS

J

20

(Emitter)

l | Lower Metal -

Upper Metal (Gate)

Under Dense Device Structure Layout (400 tips;.

Flgure 2-6.

2-7



o=2UV0

consists of 16 microtips (4 x 4) on a 3 micron pitch inside a 17 x
20 micron gate. The edge of the "under dense" layout was about
twice that of the "dense" device. The dense structure has a high
number of tips per unit area and therefore if all the tips emitted
uniformly, the higher Fo. The problem is running such a dense
structure to high currents. Any arc that occurs can travel across
the whole cathode. The second design will have a better ability to
quench an arc at the sub~-cathode boundary. This topology is similar
to that found in the French LETI/PIXEL cathodes. In practice we
found that the higher currents that could be obtained from the
"under dense" structure more than made up for the increased
capacitance.

2.2 (Gate Capacitance

The capacitances of the cathode not including the tips
calculated and compared to measurements. The nominal emitter to
gate spacing is 1 micron with the dielectric constant of the Sio2 of
3.7. The calculations were performed using the Hewlett Packard
product HFSS (high frequency structure simulator). A three-
dimensional view of the dense structure is shown in Figure 2-7 and a
zoom of the detail is shown in Figure 2-8. By the symmetry of the
device, a magnetic wall is used on the left to reduce the
computational array by one-half. The bottom half is the dielectric
gubstrate and the top is air. The box had to be made much larger
than the device to reduce to stray capacitance of the box to a value
emall compared to the device capacitance. The full box and a zoom
of the under dense structure is shown in Figures 2-9 and 2-10
respectively. The results of a simple parallel plate calculation,
the full three-dimensional simulation and the on wafer measurements
are tabulated in Table 2-1. The dense structure results are quite
good. As expected, the measured and simulated agree and are higher
than the parallel plate. The under dense results show the same
trends, however the three-dimensional simulation is a factor of two
too high. We postulated that the HFSS product has a problem with
the closely packed fringing fields of the under dense structure.
This on wafer measured value of 0.345 pf was used in calculating the

Ft of this device.
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Table 2-1

Structure Capacitance (pF)

Parallel Three-Dimensional

Plate _Simulation Measured
Dense 0.161 0.221 0.210
Under
Dense 0.279 0.871 0.345

2.3 Tip Capacitance

The has been some discussion in the FEA literature of the
tip versus the gate metalization capacitance. From our on-wafer
measurementes of structures with and without tips, the trend is that
structures with tips have slightly more capacitance than structures
with the hole but without tips. However, a quantitative
measurement was not possible because these effects are close to the
nolse limit of the measuring systems. A quantitative computational
result is possible using a two-dimensional R-Theta Poieson solver.
Figures 2-11a to 2-11g show the same gate and hole structure with a
differing tip height. The r=0 axis is on the right side with the
gate metal and the dielesctric layer concentric at larger radii.

The gate is biased at unity with the solid line showing the
potential of one-half. The outer radius of 1.7 microns (3.4 micron
diameter) corresponds roughly with the 3 micron rectangular spacing
of the actual cathodes. The increasing tip height does cause an
increase in capacitance, however, the change is small compared to
that of the gate capacitance as shown in Figure 2-12. Also, the
one-half gate potential line gets progressively closer to the tip
with increasing tip height showing the field enhancement.

2-13
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Capacitance Simulation - No Tip
C=257x10"18F

Figure 2-11. (a) Capacitance Simulation Tip Height.
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Capacitance Simulation - Tip Helght = .25 microns
C=258x10"16F

Figure 2-11. (b) Capacitance Simulation Tip Height.
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Capacitance Simulation - Tip Helght = 0.50 microns
C=261x1016F

Figure 2-11. (c) Capacitance Simulation Tip Height.
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Capacitance Simulation - Tip Height = 1.0 microns

C=272x10"16F
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Figure 2-11. (d) Capacitance Simulation Tip Height.
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Capacitance Simulation - Tip Helght = 1.25 microns
C=283x1016F

Figure 2-11. (e) Capacitance fimulation Tip Height.
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Capacitance Simulation - Tip Height = 1.50 microns
C=296x1016F
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Figure 2-11. (f) Cepacitance Simulation Tip Height.
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Capacitance Simulation - Tip Height = 1.75 microns
C=3.10x10"16F
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Figure 2-11. (g) Capacitance Simulation Tip Height.

2-20




Capacitance (10-16)

W IS

PBN-84-1871

Tip Capacitance vs Tip Height
(simulation)
35 ' ' g | ' v ' I v v L | v ' ' |

0.5 - - - Analytic for Empty Hole R

O 0 . 4 A l A A A l A o L l L ' -k l R A '
0.4 0.8 1.2 1.6 2

Tip Height (um)

o

Figure 2-12. Tip Capacitance vs. Tip Height (simulation).

2=-21




§-5005
3.0 TEST TRIODES

3.1 Overview

To test these cathodes electrically, it is necessary to
bake and test them in ultra-high vacuum. A test station for this
purpose has been fabricated urder company funds. The device under
test is bonded to a ceramic circuit board, which contains metal
leads which are wire-bonded to the FEA and, through a vacuum
feedthrough, connect to elaectrical power supplies and RF measuring
equipment. The vacuum system is bakable to 450°C. We are also
able to test more than one chip at a time.

The pumping system consists of a sorption pump, followed by a
turbo pump and then a vac-ion pump. There is no mechanical oil
fore-pump in the system. The system is capable of vacuum on the
107"" Torr. There is a residual gas analyzer and a microscope for
direct viewing through a window. The power supplies allow
operation up to 10 KV although most tests were performed under
2 XV, There is also a moderate voltage (250 volts) gate pulser
that allows for low duty operation. Most of the equipment is able
to be controlled by a computer. The bakeout sequence, the initial
device turn on, and the measurement of I/V characteristice are
under program control.

3.2 Alumina

The layout of the third iteration alumina is shown in
Figure 3-1 and a photograph in Figure 3-2. There are four tapered
grounded co-planar lines. The large size at the edges are
compatible with the 0.141" S8i0, coax lines on the flange while the
inner size in compatible with the pitch on the chips. The chip is
placed in the milled depression in the center. The depression is
the same depth as the height of the chip so when mounted the chip
and alumina are flush. The chip and alumina are connected with
gold ribbon bonds. The alumina is plated on the backside and the
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Figure 3-1. Third Iteration FEA Cathode Alumina (layout).
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Figure 3-2. FEA Cathode Alumina.
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top grounds are connected to the back with through vias. The taper
maintains a constant 50 ohms from input to output. The top ground
at the bottom is to control the impedance of the anode that
cantilevers ocut over the alumina. The chip has eight cathode
connectiong while the alumina only has four. This is because there
is not enough room to fit eight co-planar transitions on the
alumina. The vertical pitch on the alumina was twice that of the
chip so that the chip could be positioned in the milled depression
to connect to four cathodes at a time. There are also four dc
leads on the alumina which were planned for control electrodes that
were never imrlemented on the cathodes. Cold testing of these
alumina indicated good performance up to 5 GHz.

3.3 Mounting Flange and Anode

A photograph of the alumina mounted in the vacuum flange
is shown is Figure 3-3 with a close up in Figure 3-4. The four
cathode coax lines are clamped with copper blocks around the outer
conductor to the alumina with spring loaded screws. The coax line
center conductor is placed on the co-planar center conductor with a
piece of indium foil for contact. A heater is placed on the
backslide of the alumina for bakeout. The anode outer conductor is
clamped to the alumina ground in a similar manner to the cathodes.
The copper anode lead cantilevers out over the top ground and has
clamp at the end. A pre-fired hollow moly anode sits over the
cathode. The anode cathode spacing was typically one millimeter.
It is desirable to maintain a constant 50 ohm impedance to the moly
anode., To optimize this match, a set of alumina sleeves were
fabricated to go around the anode lead to adjust the impedance. It
turned out that the best match was obtained with no alumina nleeve.

One way to evaluate the match of the anode is to use the time
domain feature of a vector network analyzer. Just looking at the
reflection coefficient over frequency is not good enough brcause
the reflections might not all be occurring at the same rcference
plane. Time domain reflectometry gives the position and magnitude

3-4
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Figure 3-3. FEA Triode Mounted on Test Flange.
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Figure 2-4. FEA Triode (close-up).

3-6




S-5005

of the reflection integrated over frequency. The time domain
result with the anode lead removed is shown in Figure 3-5. The
average reflection coefficient from 50 MHz to 2.05 GHz is 0.98 and
as the figure shows there is a well defined reference plane. The
result for the anode is place is shown in Figure 3-6. The reduced
amplitude is due to the losses and radiation from the anode. Again
there is a well defined single peak that shows that the anode line
is well matched until the open circuit at the end.

3.4 Test Configuration and Equivalent Circuit

A block diagram of the test configuration is shown is
Figure 3-7. Microwave test equipment operates at 50 ohms and the
triode FEA triode impedance is much higher. Therefore tuners are
required to transform from 50 ohms to the triode impedance for best
operation. However, interpreting the results to obtain a measure
of I is more complicated.

The source was a HP 8656A synthesizer with maximum £frequency
of 990 Mliz. The source was amplified to provide a one volt peak
input and lead through a cable to the tuners. The input to the
input tuner and the output of the output tuners are connected
through circulators so the source and load are well matched. The
tuners are commercial off the shelf items that provide a greater
than 10:1 VSWR at 1 GHz. The tuned 3 dB bandwidth is typically
10 MHz. The cathode gate bias and the anode high voltage bias are
connected through the center conductors of the RF leads by
commercial bias-T’s. The high voltage limit on these units were
$C0 volts. The input and output tuners were connected directly to
the FEA flange. The load was a high specd digitizing oscilloscope
with a one GHz bandwidth plug-in.

The actual data was taken at reference planes A-H. Since the
cables are all £0 ohms and are well matched by the circulators, a
simple scalar correction for cable loss transforms to reference
plane B-G. Vector correction using the full S~-parameters of the
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Figure 3-5. Time Domain Analysis of FEA Flange Anode Removed.
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Figure 3-7. FEA Triode Test Configuration.
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input and output tuners are required to transform to the un-tuned
reference plane of C-F,.

The FEA triode equivalent circuit is shown in Figure 3-8. The
triode is connected in a cocmmen cathode configuration. The input
transmission line contains the input bias-T, the coax line of the
flangc, and the co-planar tavered line of the alumina. Tlhe output
transmission line contains the cantilevered cathode, the coax line
of the flange, and the output bias-T. The value of the gate
capacitance C_. was obtained by on-wafer probing of & single chip.
The values of the other cold circuit values were obtained by
measuring the full S-paraneters at the C-F reference plane and
fitting. The model was not very sensitive to the value of Car

The tuners were attached and the system was tuned for the
highest value of 894 (transmission). They were then removed and
measured individually. The results are summarized in Table 3-1.
The condition of conjugate match is equivalent magnitude and
opposite sign of the angle and i3 expected for best internal match
at a high VSWR interface. As cen he seen by the S-parameters of
both the output match of the input tuner and the input match of the
un-tuned circuit and the input match of the output tuner and the
output match of the un-tuned circuit, this conjugate match
condition is met (solid lines in Table 3-1).

3.5 Test Results

Many triodes were mounted and tested. Most of the tests
were run with one millisecond pulse widths, four percent duty, and
500 volts on the anode. Tne current was slowly increased over a
period of many hours. A level of 400 microamps was routinely
obtained (1 pA/tip) while higher currents were n»t that common.
Our best result of 7.3 milliamps is presented in detail.

The oscilloscope traces are shown in Figure 3-9. The voltage
and current are straightforward treces. The microwave trace is
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Table 3-1
' S-paramecers of Flange/Tuners at 990 MHz
PBN-04-1800
| s11 s21 $12 S22
Mag Angle| Mag Angle| Mag Angle | Mag Angle
I Tuned LT
B-G 051 797 1.047 i104.8 | 1.9x10¢ -167 | .118 3.6
T
| Un-Tuned .,z"‘\, pamer
C-F «(.818 1-38.7 4] .012,) 79.4 | .012  70.3 .4 .946 ; -168.0
i -_E_' ‘F‘lﬂ\ -g::_:_/
' o : 5 8 :4 3: 91.9 6 13.7 849 |
Tuner '0.5 12, 1483, . 067  -13, 849 | 89.2
' B-C ! i v '
Output  |! ‘\\»/57 |
Tuner (946 167.6 ).200, 957 | .008 -66.1 |.102! -.01
' F-G N ! ! , —
Equivalent |- . J I
l Circult  |' .136 {1051 2.2x10™% 087 |
 _BG | B :
' Equivalent |, -----. '_l e R PR .
Circult || 817 | ' .014 ! 014 '] .946
l C-F S A ]
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Figure J-8. FEA Triode Flange Equivalent Circuit.
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Figure 3-9. FEA Triode I-V and Microwave Traces.
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processed by the scope. The signal is the envelope of the averaged
signal. This gives a rectified peak reading over the pulse. The
input value was set at 1 volt.

The I-V results are shown in Flgure 3-10 and shows the typical
exponential dependence of the current on the voltage. Table 3-2
summarizes the measured and derived quantities. The first three
columns are the raw data of current, gate voltage, and RF
amplitude. The dc 9n and Ft are calculated from the I-V data and
tabulated. The RF amplitude is converted to dB insertion loss and
then corrected for the cable loss (Figure 3-11). From this data, a
I is derived.

The equivalent circuit of the flange/bias~T is cascaded on a
circuit simulator with the measured input and output tuner S-
parameters. The O of the circuit ls adjusted so that the 821
agrees with the measured data. These results are tabulated under
9 RF. From this value of Im RF, the final value of Ft RF is
calculated. This yields a maximum measured F, of 201 MHz. A
composite of the dc and RF % is plotted in Figure 3-12 and the dc
and RF F, in Figure 3-13. As expected the two sets of derived
quantities track closely. The measured and equivalent S-parameters
at the peak current are listed in the 551 column of Table 3-1.
Since the measurements were performed at a frequency greater than
Foo there is no gain, only reduced insertion losu.

The tuners were readjusted under hot conditions to see if
there were any load-pull improvements. The hot tuning and cold
tuning were identical which i3 not unexpected since the device with
no gain ie running in a small signal regime. Also, it was not
possible to perform a reliable noise figure measurement with such a
high insertion loss.
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Table 3-2
Table of Measured Data for 2739-6.7.54
Vefin= 1V PBN-84-1876A
C = .345 pf Vannode = 500V
f = gm/2nC PW=1mS
Cable Loss =1.54 dB  Duty =4%
1 Vde | Vrtout | gmde | Ftde [G@cab!G@Tun| gmRF | FtRF
1 7.3¢-03 154,00 | 1.470:01 | 5.10-04 2.35e+08 | -16.68 «18.11 4.360-04 | 2.010+08
2 4.06-03 146.00 |1.040-01 | 3.10-04 1.420+08 | -19.66 -18.,12 2.900-04 | 1.340+08
3 3.0e.03 143.00 |90.600-02 | 2.40-04 1110408 | -2038 «18.81 2.500-04 | 1.188+08
4 2.50-03 140.00 [8.800-02 | 2.10-04 9.610407 | -21.04 -19.47 2.100:04 | 9.600+07
5 2.0e.03 137.00 |8.156-02 | 1.7¢-04 8.0004+07 | -21.78 20,24 1.800:04 | 8.300+07
(- 1.5e-03 135.00 |7.35e-02 | 1.30-04 6.17e+07 | -22.87 21.18 1.500:04 | 6.920+07
7 1.2¢:03 134,00 |6.65¢-:02 | 1.10-04 8.000+07 | -23.168 21,62 1.400-04 | 6.160+07
8 1.0e-03 131.50 |6.800-02 | 9.40-08 4310407 | -23,74 22,20 1.10e-04 | 5.070+07
9 8.00-04 180.00 |6.100-02 | 7.6e-08 3.520+07 | -24.29 -22.75 1.000:04 | 4.610+07
10 6.50-04 129.00 5.90-02 | 6.30-08 2000407 | -24.88 23,04 9.000-05 | 4.150407
11 5.0e:04 126,50 |5.50e-02 | 5.00-05 2320407 | -25.19 +23.65 7.000:05 | 3.230+07
12 4,00-04 123.00 |[5.30e-02 | 4.2¢-05 1.950+07 | -25.51 -23.87 5.000-08 | 2.310+07
13 3.00-04 120,00 | 5.000-02 | 3.3¢-08 1.8304+07 | -26.02 24,48
14 2.5¢-04 118,80 |4.88¢-02 | 2.80-08 1.310+07 | -286.20 24,78
15 2,0e-04 116,00 |4.780-02 | 2.49-05 1.000+07 | -28.41 -24.87
18 1.5¢-04 113.50 |4.83e-02 | 1.80-08 B.400+08 | -28.89 25,18
17 1.30-04 11250 |4.560-02 | 1.60-05 7.190+068 | -26.84 +25.30
18 1.08-04 110.00 |[4.50e-02 | 1.30-08 8.00e+06 | -26.94 -25.40
18 8.0e-05 108.20 |[4.400-02 | 1.18-05 4.9%+08 | -27.13 -25.50
20 €.5¢-05 107.00 |4.350-02 | B.90-08 4110408 | -27.23 -25.69
21 5.00.08 105.00 |4.30e-02 | 7.18-08 3.27e+06 | -27.33 -25.79
22 4,0e-05 10350 |4.230-02 | 5.80-08 2.600+08 | -27.47 -25.93
23 3.0e-05 101.00 [ 4.200-02 .80-06 2.118-08 ~27.47 -26.93
24 2.5e-06 10000 |[4.17e-02 | 3.90-08 1.780+06 | -27.60 -26.08
25 2.0e-05 98,500 | 4.158-02 | 3.2¢-06 1.47¢+08 -27.64 -26.10
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Figure 3-10. I~V of Levice 2T39-6.7.S5.4.
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Figure 3-11. Gain at Tuners of Device 2T39-6.7.S.4.
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Figure 3-13. Cutoff Frequency of Device 2739-6.7.S.4.
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4.0 COATING EXPERIMENTS

Attempts were made to lower the work function of tips by
coating them with carbides. The deposition technique was Pulsed
Laser Deposition (PLD). A thin coating (a few molecular mono-
layers) of hafnium and zirconium carbide were deposited after the
the tips were fully formed. No improvements seen in electrical
performance. The second approach was to form the last 15% of the
tip (~0.15 micron) by PLD. This was tried with hafnium carbide and
again there was no improvement in electrical performance.
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5.0 CONCLUSIONS

As shown in the body of this report, three of the four goals
were met. The most difficult goal was Fo and our best results are
still an order of magnitude too low. For operation at 10 GHz, they
are two orders of magnitude too low. To meet this goal both an
increase in the transconductance Im and a decrease in gate
capacitance Cg are desired. By the nature of the tip formation,
there is no obvious way to decrease the gate capacitance. For the
Fowler-Nordheim emiesion that characterizes these cathodes, there
are two ways to increase Im* The first is to increase the current,
since to first order 9 scales with current. The problem is that
there is a current limit above which the cathodes self-destruct and
anode diesipation becomes a problem. The approach of breaking up
the dense cathode into a set of sub-cathodes improved the maximum
current, however, the improvement was not enough to meet the goals.
The second approach is to decrease the gate voltage and our coating
experiments were not successful,

Even with a device with a measured dc F, at 1 GHz, it will be
hard to get true power gain at frequency as a triode. These
triodes are relatively high impedance devices compared to the
etandard 50 ohm environment. The dc impedance which is an
indicator of the RF impedance is just the inverse of 9 which for a
target device is about 1000 ohms. The input must be tranaformed up
and the output must be transformed down. However, oparation at the
high impedance will enhance the deleterious effect of the gate to
anode capacitance. This impedance problem is not as bad for a
gated cathode application as for triode operation.

It is not clear after all this investigation that gated field
emigsion cathodes will ever operate in the microwave regime.
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